Backgound: Human scabies is a debilitating skin disease caused by the ''itch mite'' Sarcoptes scabiei. Ordinary scabies is commonly treated with topical creams such as permethrin, while crusted scabies is treated with topical creams in combination with oral ivermectin. Recent reports of acaricide tolerance in scabies endemic communities in Northern Australia have prompted efforts to better understand resistance mechanisms and to identify potential new acaricides. In this study, we screened three essential oils and four pure compounds based on eugenol for acaricidal properties.
Introduction
Human scabies is caused by the ''itch mite'' Sarcoptes scabiei var hominis, a pathogen that burrows into skin and causes an inflammatory reaction that leads to pruritic lesions that may be followed by secondary bacterial infections. Serious complications may arise, especially following Group A streptococcal infection, leading to renal and heart disease [1] . Scabies infection causes significant morbidity, with an estimated 300 million people suffering from this infection at any one time [2] .
Ordinary scabies can be treated with topical acaricides such as 5% permethrin. Crusted scabies, the more severe form of the disease, requires a combination of topical and oral treatment with ivermectin, the only orally administered drug available [3] . In Northern Australia where the disease is endemic, mass treatment with permethrin has been previously used as a control strategy [4] . While mass treatment programs can be effective [5] they can also provide an opportunity for selection and development of drug resistance in scabies mites. Using an in vitro acaricide assay we have shown an increased tolerance of scabies mites to permethrin [6] compared to 100% sensitivity prior to its widespread use [7] . Treatment failures have also been reported elsewhere to other topical acaricides such as benzyl benzoate [8] , crotamiton [9] and lindane [10] . In 2004 in vivo and in vitro ivermectin resistance in Northern Australia was first reported, [11] and more recently, longitudinal evidence of increasing in vitro tolerance of scabies mites to ivermectin has been documented [12] . The possibility of widespread resistance of mites to current drugs has prompted recent efforts to better understand potential resistance mechanisms [13] [14] [15] [16] [17] and highlights an increasing need to identify new acaricidal agents.
Natural product extracts and compounds are potential sources of alternative acaricides [18] . Acaricidal activity of some plant essential oils and their chemical components has been demonstrated in several mite species such as poultry red mite, Dermanyssus gallinae [19, 20] , rabbit mite, Psoroptes cuniculi [21, 22] , honey bee mite, Varroa destructor [23] , two-spotted spider mite, Tetranychus urticae [24, 25, 26] , stored food mite, Tyrophagus putrescentiae [27, 28] , house dust mite, Dermatophagoides farinae and Dermatophagoides pteronyssinus [29, 30, 31] , human mite, S. scabiei var hominis [32, 33] and in sheep tick, Ixodes ricinus [34] and cattle tick, Boophilus microplus [35] . Insecticidal properties of some constituents of these plant oils have also been demonstrated in other arthropod species such as stored grain beetle, Tribolium castaneum [36, 37] , maize weevil, Sitophylus zeamais [38] , body louse, Pediculus humanus corporis [33] , head louse, Pediculus humanus capitis [33, 39, 40] and mosquito vector, Culex pipiens [41] (Table S1 ).
Of special interest amongst this list is an essential oil extracted from clove flower buds, Eugenia caryophyllata, a common food ingredient and a component of fragrances. Apart from being a traditional cure for diarrhea and other intestinal disorders in China, its active components have been demonstrated to have antimicrobial, insecticidal, antioxidant, antitumor and anaesthetic activity [42] . The primary component of clove oil is eugenol, which together with analogues, is a member of the phenylpropanoid class of chemical compounds (Fig. 1) . Eugenol and several related analogues are minor components of other essential oils such as nutmeg, cinnamon and bay leaf oil.
To date, very limited screening of natural product extracts for acaricidal activity has been performed using S. scabiei. A major limitation in evaluating potential new acaricides has been the lack of a regular supply of adequate numbers of mites for reproducible in vitro testing. Previous studies have relied on harvesting S. scabiei var hominis mites from human crusted scabies patients [32] or testing candidate acaricides directly on scabies infected patients [33] . Such approaches are by necessity opportunistic in nature and raise ethical concerns. Neither of them allows for systematic or long term drug discovery approaches and severely limits biological investigations such as the study of resistance mechanisms.
In this study we used mites from two animal models of scabies, including a recently described porcine model [43] , to systematically investigate the acaricidal activity of three essential oils and four pure compounds, all of which are derived from plants. The animal models and bioassays described here represent a significant improvement in our ability to evaluate potential new therapeutics for scabies.
Materials and Methods

Extracts and compounds
Clove oil and ylang ylang oil were purchased from Oil Garden Aromatheraphy (Fitzroy, VIC, Australia). Nutmeg Oil was purchased from Gumleaf Essentials (Lilydale, VIC, Australia).
Eugenol (Fluka Cat. No. 46100), isoeugenol (Aldrich Cat. No. 17206, mix of cis/trans, ,1:9), acetyleugenol (SAFC W24690-5-K), methyleugenol (Acros Cat. No. 259630050), mineral oil (M5904) and benzyl benzoate (M6630) were purchased from Sigma-Aldrich (St. Louis, MO). Stock concentrations of test compounds were prepared in mineral oil and freshly diluted to working concentrations (100 mM, 50 mM, 25 mM, 12.5 mM, 6.25 mM, 3.12 mM) immediately prior to use.
Composition of essential oils
The chemical composition of essential oils and relative concentration of bioactive components may vary depending on a range of factors including the extraction method used, the geographical location where the plant was cultivated, time of harvest, storage method and part of the plant used. In this study, no chemical analysis to determine composition was performed on the three essential oils tested. However, reports from previous studies have shown that a representative sample of clove oil typically contains eugenol (69-89%), acetyleugenol (6-20%), betacaryophyllene (1-10%), 2-heptanone (0.9%), ethyl hexanoate (0.7%), humulenol (0.3%), alpha humulene (0.2%), calacorene (0.1%) and calamenene (0.1%) [28, 42] . Jukic et al. reported that the major components of nutmeg oil are beta-pinene (23.9%), alpha-pinene (17.2%), myristicin (16.2%), terpinene-4-ol (7.9%), limonene (7.5%), gamma terpinene (6.8%) and the major components of the glycosidically bound volatile compounds are isoeugenol (46.1%) and methoxyeugenol (27.7%) [44] . The main constituents of ylang ylang oil previously obtained by different extraction methods (steam distillation, simultaneous distillationsolvent extraction and supercritical (CO 2 ) extraction) were linalool (16.5-28.0%), germacrene-D (3.1-20.3%), benzyl benzoate (2.9-14.1%), benzyl acetate (6.2-17.0%), caryophyllene (2.9-3.9%) and p-methyl anisole (2.7-6.8%) [45] . Recently, a more specific and quantitative chemical composition analysis for distillation fraction II of Ylang Ylang oil reported methyl benzoate (34%), 4-methylanisole (19.8%) and benzyl benzoate (18.9%) as the major components [46] .
Scabies mites
Permethrin-sensitive S. scabiei var suis mites were collected from scabies infected pigs maintained at the Centre for Advanced Animal Science (CAAS), University of Queensland, Gatton Campus, Australia. To establish the colony, mites had been collected from naturally infected farm pigs in southeast Queensland with no known previous exposure to acaricide. An optimised immunosuppresion regimen was adapted to maintain mange indefinitely. Permethrin-resistant S. scabiei var canis mites were collected from colonies maintained on rabbits that had been under permethrin treatment for many years at Wright State University in Dayton, Ohio. Previous work with these mites has shown the median in vitro survival of sensitive mites in permethrin to be 4 hours, while in the same study median in vitro survival of resistant mites in permethrin was 15 hours. [17] .
Ethics statement
Approval for establishment and maintenance of the mite colony in pigs was obtained from the Animal Ethics committee of the Department of Employment, Economic Development and Innovation/University of Queensland (SA2009/07/294) and the Queensland Institute of Medical Research (QIMR-P630). Rabbits were maintained under a protocol approved by the Wright State University Laboratory Animal Care and Use Committee (A3632-01) in adherence to institutional guidelines for animal husbandry.
Contact bioassays
Mite bioassays were conducted following a method previously described [17] , with some modifications. Briefly, 35 ml of test compound diluted in mineral oil was spread evenly across the surface of a 30 mm615 mm plastic petri dish (Proscitech, QLD, Australia) using a microtip. Live mites were placed directly into the petri dishes in direct contact with the test compounds and controls. Benzyl benzoate was used as the positive control acaricide while mineral oil alone was used as negative control. Mites were incubated in a 28uC humidified incubator and observed microscopically within the first 15-30 mins, hourly thereafter up to 6 hours, and again at the completion of the assay (24 hrs). Mortality was recorded by microscopic verification of absence of leg movement and gut peristalsis when touched with a probe. For the resistant mites, the bioassays undertaken to test the three essential oils (clove, nutmeg, ylang ylang) and the 4 compounds (eugenol, isoeugenol, acetyleugenol and methyleugenol) were each performed in duplicate with 10 mites/concentration of oil or compound. Hence, the total sample size for each oil or compound tested is n = 20 resistant mites/concentration. For sensitive mites, the bioassays were performed in the same manner. However, these bioassays were performed twice so total sample size or n = 40 sensitive mites/concentration of oil or compound tested. Duplicate assays were performed independently to control for intra-observer bias.
Data analysis and statistics
Median survival times of scabies mites in essential oils and test compounds were determined by Kaplan Meier survival analysis and significant differences between survival curves were calculated by Log-rank tests using the GraphPad Prism software package, version 5 (La Jolla, CA,USA). Effective concentration (EC 50 ) values were determined by dose-response analysis and best fit curves generated by nonlinear regression analysis also in GraphPad Prism. Significant differences between EC 50 values between compounds tested were determined using Student's t tests. To determine which doses of compound produce significant differences in toxicity between sensitive and resistant mites, Fisher's exact test on a single sided hypothesis test was performed in SPSS (Chatswood, NSW, Australia).
Results
Acaricidal activities of essential oils
The median survival times of permethrin-sensitive and resistant scabies mite populations exposed to clove oil, nutmeg oil and ylang ylang oil are shown in Table 1 . At all concentrations tested (1.56%-25%), contact with clove oil resulted in 100% mortality of permethrin-sensitive mites after 0.25 hours. Permethrin-resistant mites died at the same time but required higher concentrations ($6.25%) of clove oil (Table 1 and Fig. 2A-B) . A dose dependent change in median survival time of permethrin-sensitive mites was observed when mites were exposed to nutmeg oil, with a very low mortality observed at concentrations below 6.25%. In contrast, permethrin-resistant mites were less susceptible to nutmeg oil with median mortality occurring only at 25% oil after 4 hours (Table 1 and Fig. 2C-D) . Permethrin-sensitive and permethrin-resistant mites were both tolerant to ylang ylang oil, with significant mortality only occurring at the highest concentration tested. Of note, however, the acaricidal effect was faster in sensitive mites than in resistant mites (Table 1 and Fig. 2E-F) .
Acaricidal activity of pure compounds
The acaricidal activities of eugenol, a major component of clove oil, and its minor component acetyleugenol as well as the related analogues isoeugenol and methyleugenol, were tested in contact bioassays against the two scabies mite populations. Mortality in the two mite populations at different concentrations of the compound were plotted as dose-response curves (Fig. 3A-D) and EC 50 values were derived after an hour of observation (Table 2 ). For both mite populations, there was no significant difference between the activity observed for the positive control acaricide (benzyl benzoate) and the test compounds eugenol, acetyleugenol, and isoeugenol (p.0.11). In contrast, methyleugenol had no acaricidal effect in sensitive mites after the first hour of observation. This compound only displayed activity in resistant mites after 24 hours at the highest concentration tested (100 mM).
At concentrations $12 mM, median survival time of sensitive mites in eugenol was not affected by the concentration of the compound (Fig. 4A-B and Table 3 ), while a dose dependent effect on median survival time was observed in sensitive and resistant mites exposed to isoeugenol (Fig. 4C-D and Table 3 ). There was no acaricidal activity at 24 hours at isoeugenol doses ,6 mM and ,25 mM for sensitive and resistant mites, respectively. Acetyleugenol was toxic to resistant mites only at a high concentration (Fig. 4E-F and Table 3 ) with no acaricidal effect observed below 100 mM. The same was observed with sensitive and resistant mites exposed to methyleugenol (Fig. 4G-H and Table 3 ).
To determine which concentration of each compound produced discriminatory differences in mortality between permethrin-sensitive and permethrin-resistant mites, the proportion of deaths at each concentration were compared by Fisher's exact test. There was a significant difference in mortalities between the two mite populations following exposure to eugenol at levels between 12.5 mM and 25 mM; in acetyleugenol, between 25 mM and 100 mM; in isoeugenol between 50 mM and 100 mM and in methyleugenol at 100 mM (Table 4) . These results show possible cross-resistance to permethrin of compounds tested.
Discussion
In this study, in vitro bioassays were conducted using mites from two models to screen essential oils and pure compounds for acaricidal activity. The differences observed in the mite killing properties of clove, nutmeg and ylang ylang oils are attributable to variation in their chemical compositions as reported in previous studies. The levels of toxicity of the pure active compounds originating from the essential oils were equivalent or higher than benzyl benzoate, the positive control acaricide used in this study, and reflected in the decreased median survival time of scabies mites in contact bioassays. These data further validate the acaricidal properties of eugenol and the related analogues isoeugenol and acetyleugenol against scabies mites. A notable finding of this study, however, is the absence of acaricidal effect of methyleugenol at lower concentrations (below 100 mM) against scabies mites. This is in contrast to results obtained in house dust mites, D. farinae and D. pteronyssinus, where it is more toxic than eugenol, isoeugenol and acetyleugenol [29] . In house dust mites it was observed that methyleugenol caused a loss of glossiness of the mite's cuticle resulting in dessication, leading to death. While this 3 n a n a n a n a n a n a n a n a N = 40 sensitive mites/concentration; N = 20 resistant mites/concentration; na = no acaricidal activity. doi:10.1371/journal.pone.0012079.t003
mode of action of methyleugenol may be the same in scabies mites the compounds tested in this study were diluted in mineral oil making it difficult to make direct comparisons. The variability observed in the toxicity of the phenylpropanoids tested against scabies mites in this study appears dependent on their individual structures. The acaricidal properties of eugenol and isoeugenol were different suggesting that the position of the double bond in the C 6 -C 3 system is important in activity. The position of the double bond in this system has been shown to affect aphid biology by interfering with mitochondrial respiration and other target sites [47] .
When considering the therapeutic potential of new acaricides, it is important to select compounds and concentrations demonstrating minimal cross resistance with existing acaricides. Therefore, two mite colonies were compared. The porcine mite colony has never been exposed to permethrin, or any other acaricide. In contrast, the second colony of mites from infected rabbits was maintained under permethrin pressure for many years and are resistant to permethrin in vitro [17] . It is possible that the significant differences in toxicity between sensitive and resistant mites in various doses of the eugenol-derived compounds observed may indicate some degree of cross resistance with permethrin. However, as it was not possible to perform repeat experiments with the resistant mites, these results should be interpreted with some caution. Higher levels of glutathione-S-transferase (GST) enzymes and upregulation of GST transcription in resistant mites compared to sensitive mites has been detected, and indicative of a metabolic basis for permethrin resistance in this mite colony [48] . Whether a similar pattern of resistance observed in these studies with the compounds tested is mediated by the same metabolic detoxification by GSTs as previously observed in permethrin resistant mites will need further investigation.
The acaricidal properties demonstrated by clove oil and its major component, eugenol and minor component isoeugenol and analogue acetyleugenol against scabies mites in this study paves the way for developing new alternative topical acaricide to treat scabies. In addition to robust bioassays that facilitate scabies drug discovery, other factors such as cost, availability and tolerance to application should also be addressed. For example, while benzyl benzoate is highly effective in vitro, it can cause significant irritation when used to treat people and needs to be diluted for use in children. Therapeutic use of eugenol-based compounds would therefore require further safety and in vivo efficacy before clinical use. 
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